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Abstract

The feasibility of separating carbon isotopes by absorptive

distillation has been studied for CO absorption by cryogenic

solvents. Phase equilibrium, isotopic separation, and mass transfer

data were taken between 77.4 and 114.3 K for the following sol-

vents: propane, propylene, 1:1 propane-propylene, l-butene, iso-

butane and nitrogen.

Carbon monoxide volubility followed Henry’s Law, with a

maximum experimental volubility of 6.5 mole per cent. Isotopic “

separation between CO in the gas and liquid phases using hydro-

carbon solvents was several times that for pure CO vapor-liquid

equilibrium. The maximum observed isotopic separation factor

was 1.029 at 77.4 K with the propane-propylene solvent mixture.

Fiisstransfer measurements yielded calculated HETP’s of 2 to 5 cn

for F possible separation system.

An attempt has been made to correJ.ateisotopic separation

data using Hildebrand’s theory of solutions. The differential

absorption of isotopic CO species is expressed as a difference

in volubility of the isotopic CO molecules. Data for propane,

propylene, and l-butene show approximately the same behavior

at vayying temperatures.



Introduction

The use of the isotope 13C as a tracer in organic reactions

and biological systems has risen sharply in recent years. In ad-

dition to the mass difference from the most abundant carbon isotope

(12C), 13C has the highly desirable properties of nonradioactivity

and a nuclear magnetic moment. Thes~ properties permit use of 13C

as a tracer in human subjects and also allow nuclear magnetic

resonance (NMR) studies.

Fresently 13C is enriched from 1% to 99% at a rate of 6 to

20 kg per year by distillation of CO (l), and thermal diffusion (2)

has been used in the past for smaller production rates. Chemical

13c
exchange systems which have been investigated for possible

enrichment include a cyanide system (3), a CO-complex system (4),

a carbamate system (5), and a cyanohydrin system (6).

Absorptive separation of isotopes has received little atten-

tion. Augood (7) has investigated the separation of H2 and i-IJ)in

a number of common solvents and reported sizeable separatim

factors at temperatures ‘lpto ambient. Because an absorptive

process is more reversible (thus less costly to operate) than
.

some other possible processes for separating isotopes, th~s

13approach was attempted for C separation. “

Experimental System

Carbon monoxide was chosen as solute for several reasons.

CO is the material Ilsedfor
13
C separation by distillation, thus

direct comparison of isotopic separation may be made. One also

suspectG to find the highest isotopic separation for a given “
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element when operating at the lowest possible temperatures; CO is

the lowest boiling carbon compound. Experimental pressures were

kept below the CO vapor pressure at the temperatures studied

because it was expected that the isotope separation becomes the

same as for pure CO at the saturation pressure.

Initial choice of solvents was dictated by freezing points

and vapor pressures; the solvent must remain liquid at the operating

temperature and is desired to be nonvolatile to permit stripping

of the solute from solution for sampling. Since most of the useful

solvents are hydrocarbons, this second criterion is quite important

to avoid analyzing any carbon other than that of CO. Propane,

propylene, a 1:1 propane-propylene mixture, isobutane, l-butene,

and nitrogen were used as solvents. Only the liquid nitrogen had

an appreciable vapor pressure at the temperatures studied.

The isotopic separation for the absorption system is that

attained in the equilibrium:

13co + 12CO”solvent ~-
12 co +

The isotopic separation factor is given

concentration ratios in the two phases.

a= 13C0/12C0 (liquid)

13C0/12C0 (gas)

13
CO”solvent (1)

by the ratio of the isotopic

(2)

~.sexpressed here, a is greater than 1.0 if 13C0 concentrates in

the liquid. Although it is likely ~hat oxygen isotopic fraction-

ation also OCCUZS, no attempt was made to measure this effect.

In anticipation of a practical separation system, one wishes

some information on the rate of isotopic exchange between phases.

.,.



Consider a small region of a packed absorptive distillation column

where a is the specific area for gas-liquid contact (cm2/cm3), A

is the area, and Z is the height. During a period

the mass rate of 12
C transferred to the gas phase

CO transport):

% = m (Yb- Ya)l(tb - ‘a)

of time tb - ta

is (with no bulk

(3)

Using the definition of a mass transfer coefficient this is also

Rm = kya (9* -j?)Az (4}

By equating expressions one obtains the mass transfer coefficient

and HETP (height equivalent to a theoretical plate) in terms of

experimental data. (m males ‘gas,G mole/cm2sec gas flow.)

m (yb - ya)
kya = * (5)

AZ (tb - Q(Y - ?)

HETP = G/kya (6)

Apparatus and Procedure

Phase equilibrium,

rate data were taken to

isotopic separation, and mass transfer

evaluate the potential use of absorptive

distillation for 13
C separation.

Phase equilibrium and isotop+.cseparations were measured

dur~ng the same set of experiments. The apparatus is shown in

Figures 1 and 2. A measured amount of solvent ga~ was condensed

into the equilibrium absorption cell using a liquid nitrogen,

liquid oxygen, or liquid nitrogen-natural gas mixture refrigerant

bath. Any residual gas in the cell was evacuated except when

13C0nitrogen was used as solvent. A measured amount of enriched

was then pumped into the system using a Toepler pump, and the CO



was circulated continuously through the cell at constant pressure

and temperature (tO.2 cm Hg and tO.25 K (LN2-LNG bath only)) for

several hours using the Toepler pumps. The helical tube in the

absorption cell was designed to have large interracial area via

the gas bubbles and also to circulate the solvent for uniformity

of concentrations.

Following the desired equilibration time, the system pressure

was measured using a manometer, and CO solu’~ilitywas calculated

from a mass balance. Gas and liquid samples were then collected

for mass spectrometric analyses of CO. The CO gas Sanmls was

collected in a small glass bulb, and the remaining gas was pumped

into a holding volume.

T to isolate a portion

from the solvent using

The liquid sample was taken by opening valve

of the liquid. The CO was then desorbed

a Toepler pump, and the gas obtained was

mixed and expanded into a sample bulb.

A mass transfer cell (Figure 3) replaced the equilibrium

absorption cell for rate measurements. The cell was filled to a

height of 3.5 cm with a high efficiency random packing, Heli-Pak

3008 (Podbielniak, Inc.). First 13C0 was equilibrated with the

solvent in the manner described, and the gas was sampled. This

gas was then isolated from the cell and-was replaced by CO at the

same pressure but at a different
13C isotopic concentration. The

new gas was sampled and circulation was resumed. After varying

circulation times the cell was isolated, the gas was mixed and

sampled, and circulation would be resumed until another sample

was desired. No samples of absorbed CO were taken.



All samples were analyzed for isotopic composition using a

CEC 21-130 cycloidal type mass spectrometer, which is well-suited

for quantitative measurements on low molecular weight gases. It

was necessary to use the 12C and 13C fragment ions at m/e 12 and

13 for analyses due to a small air leak iiIthe spectrometer.

Although any isotopic discrimination would be very small using

these peaks, the effect should be completely negligible for a

gas-liquid pair of analyses. Up to twelve scans were made of these

peaks for any given sample, and the average uncertainty in the

isotopic separation factor due to the instrument was tO.002.

For maximum measurement sensitivity, the 13CO used was enriched

to the 60% 13C level. The isotope was purchased as barium carbonate

(Bio-Rad Lab.) and converted to CO using a method in the literature

(8) involving calcium carbonate as an intermediate. The solvents

were C.P. or instrument grade compressed gases obtained from J. T.

Baker and Y!theson. The LNG used for cryogenic baths was liquified

from laboratory gas jets using a crude liquefaction apparatus cooled

by liquid nlcrogen. The bath temperature was maintained be periodic

addition of LN2.

Results

Carbon monoxide volubility, as monitored by pressure, reached

an equilibrium value within a few minutes of circulation for all

solvents studied. Volubility data (Table 1.) followed Henry’s Law

over a significant pressure range as shown by Figure 4. The highest

experimental solubiiity was 6.5 mole per cent CO in the propane-

prcpylene solvent at 77.4 K.



Isotopic phase equilibrium required circulation times of one

hour or more for the systems used. Isotopic separation factors

(Table 1.) for a given solvent decreased with increasing tempera-

ture showed no effect due to pressure variation. The highest

observed isotopic separation factor was 1.029 for CO in the

propane-propylene solvent at 77.4 K. Figure 5 shows the separation

factor as a function of temperature for this solvent; the vapor-

liquid isotopic separation for pure CO as calculated by Johns (9)

is shown for comparison. The data showed no tendency to correlate

preferentially with either T-1 -2
orT, due partly to the sensitivity

in measurements.

Mass transfer measurements using the C3 solvents yielded

HETP’s between about 10 and 60 cm for low concentration dliving
.

force conditions (Table 2.). Visual observation during operation of

the mass transfer cell indicated that bubbles were roughly the

size of an individual piece nf packing and that the residence time

of a bubble was about 4 seconds. The resulting value of the spec?.fic

mass transfer area, a, was about 0.2 crn2/cm3.

Th~rmodynamic Analysis

For gas-liquid equilibrium the concentrations of each compo-

nent in the two phases may be related by equating the individual

fugacities in each phase. The liquid fugacity may be expressed

in terms of a pure liquid fugacity and an activity coefficient.

Y@ = fig = fil
1,pure= yixifi (7)
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If the pressu?e is not the saturation pressure of the pure liquid,

a Poyntlng correction is added. (0 refers to saturation conditions)

1,pure
‘1

_ f~l~pure em Jpo vildP/RT

‘i

= $; P; exp /po vildP/RT (8)

‘i

Assuming the liquid molar volume to be pres~ure independent, we obtain

Y~hi - Yi@fhip w

The isotopic separation factor

solvent system (1 = 12C0 ;2=

a= (Y#~~)/(Y@~) ,

[vil(P - P:)/RT] (9)

may now be wrytten for the gas-

13C0 ; 3 = solvent).

y Y1 0;$2= —.— — exp [(v21P~ - vll+/RT] (lo)
‘ Y2 0;$1

The liquid molar volumes of the isotonically differing

molecules will be assumed equal for lack of data othemise. The

isoto~ic separation may be expressed in terms of the pure CO

vapor-liquid systcm and a solvent contribution,

‘?a= ~ B = a“~
‘2

(11)

Y1 !3:02
B=’—— 100~~ [-VI P@ - 1)/RT] (12)

Y2 $;$1

For the experimental conditions studied, the numerical value

of the product of fugacity coefficient ratios and the exponential

te~ was between 0.999 and 1.000 for all cases- Since the accuracy

of isotopic analyses was roughly tO.2%, the solvent contribution
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to isotopic separationmay be expressed solely in terms of the

activity coefficient ratfa.,

$ - Y#Y2 (13) .

The Hildebrand theory of liquid solutions (10) is accepted

as a good means of predicting activity coefficients in nonpolar

solutions. (CO has a very small dipole moment and is assumed to be

sufficiently nonpolar for treatment by this theory.) Hildebrand

uses a quantity called a volubility parameter, 6, to relate the

activity coefficient in a binary sclution to cohesive energy

density of

(s=

in Y1

the solution.

1 0.5
(AEv~deal/v ) (14)

(15)
nL

In a ternary solution, in general all possible pairs of

interactiilgspecies in the liquid must be considered. For the

special case of isotopic solutes in dilute solution, the isotopic

volubility parameters are naarly equal, and a simplified equation

results.

Y1
*V 10 2

in—= 1 3 [63(1 - L13) - 61] (62 - 61) (16)
Y2 RT

This expression relates the solvent effect on the isotopic sepa-

12
ration to th~ difference in volubility parameters of the CO and

13CO as well as to some properties of the solvent itself. (0 is a

volume fraction and f113is a binary constant typical of a given

solvent-solute pair.)
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Volubilityparameters for Cd and the solventswere calculated

at ‘he appropriate temperatures using data from the l$cerature (11),

(12). The binary constants for solute-solventinteractionsare

necessary for quantitativecalculations,and these quantitieswere

evaluatedusing equation (15) and activity coefficientsfor the

CO consideredas a single species.Activity coefficientswere’

calculatedusing experimentaldata, equaticn (9).,antithe corre-

sponding states treatment of Pitzer (12) for evaluation of fugacity

coefficients.

Figure 6 shows the variation of rS2- 61 with temperature for

the pure hydrocarbon solvents. To a rough approximation, the dif-

ference in isotopic volubility parameters is the same function for

the straight-chain hydrocarbons; results for isobutane do not fall

on this curve, possibly due to the branching of isobutane.

Discussion I

The volubility data for CO in liquid propane are in basic

agreement with low pressure data of Cheung and Wang (14). No other

previous data

separation or

were available for comparison of either isotopic

volubility for the systems studied.

Because of the many similarities in properties of CO and
“-

nitrogen, it was suspected that use of nitrogen as a solvent for

CO wouid pzoduce essentially the same isotopic separation as for

pure CO vapor-liquid equilibrium. Within experimental error this

suspicion has been verified.

The HETP’s obtained from mass transfer data were rather dis-

couraging; however, the mass transfer cell used had poor mass

.—.



transfer characteristicsdue to the low volume fractionof gas in

it at any the. Since the gas bubbles in the cell were of uniform

size, the mass transferarea per un~t volume of packing, a, was

proportional to the number of bubbles, i.e., the volume fraction

of gas. Experimentally the gas volume fraction was 1.5%.

For an absorptive fractionation column using propane at 90 K

and operatingwith equilmolarholdup of CO in liquid and gas phases,

the gas phase volume fract40nwould be i5%. If flow characteristics

remained the same as for the

would be increased 10 times,

attained.

experimental cell, the value of “a”

and HETP’s of 2 to 5 cm could be

Conclusions

The absorptive separation of carbon isotopes in CO gives
13

greater isotopic separation factors than do most other C enrich-

ment methods (in particular) CO distillation), While still promising

a good rate of mass transfer. The observed separations show some

correlation with differnece in the Hildebrand volubility parameter

for the isotopic species.

This larger separation factor,has several implications which

are important in designing a possible separation system: 1) smaller

size equipment (less separating stages); 2) lower refrigeration

requirement (lower reflux ratio); 3) less time to reach steady-

state operation. $ince construction of a cryogenic absorptive

separating system is not beyond present technology, absorptil’e

distillation appears to hold promise as an economically feasible

13Cmethod for enriching .
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45
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47

49
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Table 1.

Solvent

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

b

b

b

b

b

b

b

b

b

b

c

c

c

c

c

c

c

c

Temp
K

90.2

90.2

90.2

90.2

90.2

90.2

110.7

90.2

90.2

110.7

100.9

110.7

100.9

90.2

90.2

90.2

90.2

90.2

90.2

90.2

107.9

99.9

107.9

99.9

90.2

90.2

90.2

90.2

77.4

77.4

90.2

100.8

90.2

90.2

EquilibriumData

Pressure
cm Hg

34

34

34

57

21

34

60

34

34

56

41

55

42

34

34

57

46

30

60

47

55

58

35

36

59

47

43

61

41

27

57

47

33

38

‘co

0.0168

0.0170

0.0170

0.0292

0.0102

0.0172

0.0126

0.0174

0.0173

0.0121

0.0115

0.0112

0.0124

0.0177

0.0170

0.0301

0.0261

0 0156

0.0337

0.0269

0.0144

0.0194

0.0082

0.0121

0.0344

0.0265

0.0274

0.0380

0.C“u52

o ● 0405

0.0352

0.0172

0.0189

0.0246

a

1.019

1.018

1.016

1.018 “

1.018

1.013

1.012

1.016

1.011

1.019

i.018

1.018

1.021

1.012

1.017

1.010

1.013

1.013

1.014
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Run

51

52

53

54

55

56

57

58

59

61

64

65

66

67

69

70

71

Table 1.

Solvent Temp
K

c 77.4
c 100.8

c 77.4
c 90.2
c 100.8
b 99.9
c 77.4
c 90.2
a 10009
d 77.4
d 77.4
e 90.2
e 90.2
e 90.2
f 114.3
f 114.3
f 1,14.3

Continued

Fressure
cm Hg

33

56

24

48

44

47

33

42

36

80

80

64

44

65

70

64

66

‘co

0.0457

0. 02i38

0.0358

0.0295

0.0154

0.0165

0.0508

0.0251

0.0122

0.0199

0.0116

0.0201

0.0090

0.0086

0.0090

a

1.029

1.011

1.029

1.015

1.011

1.028

1.013

1.013

1.007

1.005

1.021

1.020

1.015

1.019

1.017

solvents: a - propylene; b - propane; c - 1:1 propane-

propylene; d - nitrogen; e - I-butene; f - isobutane
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74

75

76

77

Table 2. Mass Transfer Data

Solvent Temp t
K sec

propylene 90.2 0

90

1[10

360

540

720

900

propane 90.2 0

90

180

360

540

720

900

propane- 77.4 0
propylene 90

180

360

540

propane- 77.4 0
propylene 90

180

360

540

720

900

.*
Y -7

0.307

0.160

0.078

0.031

0.013

0.005

-0.189

-0.097

-0.050

-0.023

-0.014

-0.011

-0.153

-0.091

-0.039

-0.020

0.293

0.147

0.073

0.023

0.022

0.006

HETP
cm

13

13 \
18

18

16

14

14 -

14

18

28

41

62

10

12

16

27

10

15

10

23

17

34



Figure 1. Gas Circulation Manifold. EQ - Equilibrium Cell;

I,J - Toepler Pumps; L - Liquid Sampling Volume;

ST - Stripping Trap

J.

.
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Figure 2. Equilibrium Absorption Cell and Valves used

for Liquid Sampling.
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Figure 3. Mass Transfer Absorption Cell.



c

1“
II

\

T
~/ .

,



.

Figure 4. Volubilityof CLJin a 1:1 Propane-Propylene

Liquid Mixture.
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Figure 5. Isotopic SeparationFactor for CO Gas-CO Dissolved

in a Propane-Propylene Liquid Compared to Pure

CO Isotopic Separation.
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Figure 6. Difference in Volubility Parameters of 13C0

and 12CO Dissolved in Hydrocarbon Solvents.
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